Quiescent full-grown Xenopus oocytes remain arrested at the G2͞M border of meiosis I until exposed to progesterone, their natural mitogen. Progesterone triggers rapid, nontranscriptional responses that lead to the translational activation of stored mRNAs, resumption of the meiotic cell cycles, and maturation of the oocyte into a fertilizable egg. It has long been presumed that progesterone activates the oocyte through a novel nontranscriptional signaling receptor. Here, we provide evidence that a conventional transcriptional progesterone receptor cloned from Xenopus oocytes, XPR-1, is required for oocyte activation. Overexpression of XPR-1 through mRNA injection increases sensitivity to progesterone and accelerates progesterone-activated cell cycle reentry. Injection of XPR-1 antisense oligonucleotides blocks the ability of oocytes to respond to progesterone; these oocytes are rescued by subsequent injection of XPR-1 or the human progesterone receptor PR-B. Antisense-treated oocytes can be activated in response to inhibition of protein kinase A, one of the earliest known changes occurring downstream of progesterone stimulation. These results argue that the conventional progesterone receptor also functions as the signaling receptor that is responsible for the rapid nontranscriptional activation of frog oocytes.
Quiescent full-grown Xenopus oocytes remain arrested at the G2͞M border of meiosis I until exposed to progesterone, their natural mitogen. Progesterone triggers rapid, nontranscriptional responses that lead to the translational activation of stored mRNAs, resumption of the meiotic cell cycles, and maturation of the oocyte into a fertilizable egg. It has long been presumed that progesterone activates the oocyte through a novel nontranscriptional signaling receptor. Here, we provide evidence that a conventional transcriptional progesterone receptor cloned from Xenopus oocytes, XPR-1, is required for oocyte activation. Overexpression of XPR-1 through mRNA injection increases sensitivity to progesterone and accelerates progesterone-activated cell cycle reentry. Injection of XPR-1 antisense oligonucleotides blocks the ability of oocytes to respond to progesterone; these oocytes are rescued by subsequent injection of XPR-1 or the human progesterone receptor PR-B. Antisense-treated oocytes can be activated in response to inhibition of protein kinase A, one of the earliest known changes occurring downstream of progesterone stimulation. These results argue that the conventional progesterone receptor also functions as the signaling receptor that is responsible for the rapid nontranscriptional activation of frog oocytes. F ull-grown frog oocytes arrest at the G 2 ͞M border of meiosis I until exposed to progesterone, their physiological mitogen (reviewed in refs. [1] [2] [3] [4] . Progesterone induces oocyte maturation, initiating oocyte activation, resumption of the meiotic cell cycles, and development into the mature, fertilizable egg. In somatic cells, the best-understood effects of progesterone and other steroid hormones are their abilities to regulate transcription: they cross the plasma membrane and bind to a member of the nuclear receptor superfamily, which either resides in the nucleus or moves into the nucleus upon hormone binding, where they regulate the activity of specific target genes (reviewed in refs. [5] [6] [7] [8] . In frog oocytes, however, progesterone activates the cells through a cytoplasmic signaling pathway that does not depend on transcription (reviewed in refs. 1-4 and 9) .
Rapid, nontranscriptional effects of steroids have been documented for many cell types, but, in most cases, little is known about either the physiological significance or the molecular mechanisms underlying those effects (reviewed in refs. 10 and 11). Amphibian and fish oocytes provide some of the most compelling examples known of rapid, nontranscriptional regulation by steroid hormones (reviewed in refs. 3, 4, 12, and 13). In frogs, progesterone is the mitogen that initiates oocyte maturation. In response to pituitary hormones, follicle cells surrounding the oocyte synthesize and secrete progesterone, which induces both oocyte maturation and release of the oocyte from the follicle (14 -19) . Oocyte activation, as monitored by activation of preexisting cytoplasmic stores of cyclin B͞cdc2 (M phase promoting factor, MPF) and reentry into meiosis I, occurs even when transcription is blocked by Actinomycin D or physical enucleation (15, 18 -23) . Instead, progesterone rapidly activates a poorly understood cytoplasmic signaling pathway that initiates the translational activation of preexisting stored mRNAs whose products then lead to MPF activation (reviewed in refs. 3, 4, and 24).
Within minutes of progesterone addition, adenylyl cyclase activity and cAMP levels drop, both in vivo and in crude plasma membrane preparations (reviewed in ref. 25) . Consistent with a role for this drop in cAMP acting through protein kinase A (PKA), injection of the PKA catalytic subunit blocks the ability of progesterone to activate oocytes, whereas injection of the inhibitory subunit induces oocyte maturation in the absence of progesterone (26) (27) (28) . Progesterone also induces rapid changes in several other enzymes (reviewed in refs. 3 and 4; see also refs. 9, 29, and 30). Through an unknown pathway, this leads to activation of the kinase Eg2 (31). Eg2 then phosphorylates CPEB (32), a protein bound to the cytoplasmic polyadenylation element (CPE) found in the 3Ј untranslated region of mos and several other stored mRNAs (reviewed in refs. 33 and 34). Oocytes contain little or no detectable mos protein, whose synthesis is required for oocyte activation (reviewed in refs. 35 and 36) . Phosphorylation of CPEB by Eg2 induces the cytoplasmic polyadenylation of mos mRNA, which leads to its translational activation (32) . Newly made mos protein, a MAP kinase kinase kinase, leads to activation of preexisting MEK and MAP kinase, and to activation of preexisting MPF, thus catalyzing entry into M phase of meiosis I (reviewed in refs. 4, 24, and 36) .
In contrast to the downstream parts of the pathway, the identity of the oocyte progesterone receptor has remained elusive. Early work suggested that progesterone interacts with a receptor at or near the oocyte surface. Injection of progesterone into oocytes usually does not cause oocyte activation (1, 21, 37) , whereas exposure to polymer-bound hormone can induce oocyte activation (38, 39) . Because of those results, the ability of progesterone to induce oocyte activation in the absence of transcription, and progesterone's ability to induce rapid cytoplasmic signaling events leading to translational activation of mos mRNA, it has long been assumed that the oocyte progesterone receptor must be a novel, surface-associated receptor. Several candidates have been described but none has been shown to meet all of the expected criteria (reviewed in refs. 3 and 40) .
More recent findings prompted us to reexamine the idea that the oocyte relies on a novel progesterone receptor. Two conventional receptors, those for estrogen and progesterone, can also rapidly activate cytoplasmic signaling in somatic cells. For example, in MCF-7 breast cancer cells that express the conventional estrogen receptor (ER), estradiol rapidly induces c-src and MAP kinase activation (41) . Cos cells normally lack ER and the conventional progesterone receptor (PR), and they fail to re-spond to either hormone. After transfection of ER, addition of estradiol results in rapid c-src and MAP kinase activation (42) . After transfection with both ER and PR, progesterone addition also activates both kinases in an ER-dependent manner (43) . Additional work indicates that rapid activation of the MAP kinase pathway by estrogen may be involved in controlling cell proliferation in certain cells (44) . The existence of binding sites for steroids on surface membranes of somatic cells has been reported for many cell types, but, in most cases, the nature of those receptors remains unidentified. Recent work suggests that a small amount of the conventional ER localizes at or near the surface of somatic cells (e.g., refs. [45] [46] [47] [48] . Finally, it is notable that while progesterone-induced oocyte activation does not depend on transcription, nuclear contents are essential for progression into meiosis II, and transcription during meiosis is required for eggs to develop the capacity for DNA synthesis after fertilization (22, 23) . Thus, in oocytes, progesterone induces both signaling and transcriptional changes that culminate in the formation of a mature, fertilizable egg. In light of these findings, we asked whether a conventional PR might also be responsible for activating the cytoplasmic signaling pathway that results in the translational activation of mos mRNA and progression into meiosis I.
Here, we have cloned a Xenopus oocyte cDNA encoding a conventional PR, as judged by its sequence similarity to conventional PRs and by its ability to mediate progesteronedependent transcription from a well-characterized progesterone-responsive reporter construct. Overexpression of this protein, which we term XPR-1, increases the oocyte's sensitivity to progesterone and accelerates progesterone-stimulated oocyte activation. Depletion of endogenous XPR-1 using antisense oligonucleotides blocks the oocyte's ability to respond to progesterone; subsequent injection of XPR-1 or human PR (hPR) restores progesterone responsiveness. These results argue that XPR-1 is required for oocyte activation.
Materials and Methods
Cloning XPR-1 cDNA. Poly(A) ϩ mRNA from collagenase-treated oocytes (polyA pure mRNA isolation kit; Ambion, Austin, TX) was used as template to amplify the ligand binding domain (LBD) of XPR-1 by nested reverse transcription (RT)-PCR (Roche Molecular Biochemicals). The primers were derived from a partial cDNA encoding the LBD obtained by hybridization screening of a Xenopus oocyte cDNA library (gift of D. Melton, Harvard University, Cambridge, MA) by using a radiolabeled hPR-LBD cDNA probe. The outer set of primers are: xpr9s, 5Ј-CTGGGAGAGAAATCGATACAG-3Ј, and xpr12as, 5Ј-GCGATCTTGACTGCAGGAATG-3Ј; the inner set: xpr10s, 5Ј-CAGTTGTTCTTCAGTCGCCAC-3Ј, and xpr11as, 5Ј-CTGCAGGAATGTGTTGAGACA-3Ј. The remaining portions of the cDNA were amplified by 5Ј and 3Ј rapid amplification of cDNA ends (RACE; Roche Molecular Biochemicals and CLONTECH kits). Primers used in the two-step 5Ј-RACE are: step 1, xpbd3as, 5Ј-CTGGGCAGAGATCACTTCCGAC-3Ј, and xpbd2as, 5Ј-CATGCACAGGAACTCCTCGTGG-3Ј; step 2, xpr14as, 5Ј-GAGACGATCCGTAATCCTGACCC-3Ј, and xpr15as, 5Ј-AGACCTTTGGCCACCTTCTTCCC-3Ј. Genespecific primers used in the 3Ј-RACE are: xpbd1s, 5Ј-GGGATGGAGGTCGTATCAACATG-3Ј, and xpbd2s, 5Ј-CCACGAGGAGTTCCTGTGCATG-3Ј. Finally, the whole coding region of XPR-1 was amplified from oocyte doublestranded cDNA by nested PCR using PfuTurbo polymerase (Stratagene) and cloned into PCRII zero blunt vector (Invitrogen). The final set of primers used are: XPR-UTR2, 5Ј-GTA AGA ACCCCCGACACTATGGAGG-3Ј, and XPR-UTR3, 5Ј-GATGTTCACTTTTTGTGAAACACAAGTGG-3Ј. The cloned XPR-1 cDNA was sequenced in both directions by using an automatic DNA sequencer.
Plasmids. Full-length XPR-1 coding sequence was subcloned into pCS2ϩ vector for in vitro RNA synthesis using SP6 mMessage mMachine kit (Ambion). The coding region of XPR-1 was amplified by PCR with PfuTurbo polymerase (Strategene) using primers E-1s, 5Ј-TGAATTCCCGACACTATGGAGGAG-3Ј and 733AS-X, 5Ј-TCTCGAGTCACTTTTTGTGAAACA-CAAG-3Ј. The resulting PCR fragment was purified and digested with EcoRI and XhoI and ligated into pCS2ϩ vector. The C-terminal LBD of XPR-1 was fused with glutathione Stransferase (GST) to produce GST fusion protein (GST-XPRC) for antibody production. The two primers used in the PCR to amplify this C-terminal region of XPR-1 (473-732) are: Bam-PBDN, 5Ј-TGGATCCAACAGTTCCGCTCAGGA-3Ј, and PBDC-ER, 5Ј-TGA AT TCACTTTTTGTGAAACA-CAAGTG-3Ј. The PCR fragment was digested with EcoRI and BamHI and ligated into pGEX-2T vector (Amersham Pharmacia).
GST-XPR Fusion Proteins and Antibodies. GST-XPRC fusion protein was purified on glutathione-Sepharose 4B (Amersham Pharmacia) and used to generate antibodies in rabbits (Charles River Breeding Laboratories).
Oocytes. Ovary segments were treated with 1% collagenase (type I; Sigma) in OR2 medium (49) for 4 h at 20-22°C. Oocytes were transferred to a Petri dish and washed with four to six changes of OR2 on a shaker for 1 h to remove remaining follicle cells, as judged by staining with Hoechst 33342 (Roche Molecular Biochemicals). Follicle-free oocytes were incubated in OR2 plus 0.1 mg͞ml gentamycin (GIBCO) at 18°C overnight. Oocytes were exposed to water-soluble progesterone (Sigma) at indicated concentrations. Activation was monitored by formation of a white spot in the animal pole, indicative of nuclear envelope breakdown (germinal vesicle breakdown, GVBD), and formation of the meiosis I spindle. In most experiments, confirmation was obtained by fixing and dissecting individual oocytes.
Antisense Injections. Antisense oligonucleotides targeted to different regions of XPR-1 mRNA were used to deplete XPR-1 message and protein from the oocytes. The 25-mer chimeric phosphorothioate antisense oligos and the positions of their corresponding middle amino acid residues (in parentheses) are: A2, 5Ј-A*G*G*G*ACACATGTGAGGAGTTA*C*C*C*G-3Ј (87); A3, 5Ј-T*G*C*A*GCTGCCACAAGTCAGGA*C*T*C*C-3Ј (381); A4, 5Ј-A*T*T*C*CAGCGACAGGGTCGGTG*G*C*G*A-3Ј (459).
Control oligos were reversals of antisense, e.g., C2 (control for A2), 5Ј-G*C*C*C*ATTGAGGAGTGTACACA*G*G*G*A-3Ј. (*, phosphorothioate modification; Integrated DNA Technologies, Coralville, IA). All antisense oligos were HPLC purified and dissolved in 1ϫ injection buffer (88 mM NaCl͞15 mM Tris⅐HCl, pH 7.5) at 1 mg͞ml. Typically, 25 nl was injected per oocyte and oocytes were cultured in OR2. Rescue experiments were usually performed 4 days after antisense oligo injections, and 25 ng of mRNA (1 mg͞ml in water) was injected per oocyte. After 36 h, groups of 20 oocytes were stimulated with 1-1.5 M progesterone and scored for GVBD.
RT-PCR was used to determine the relative levels of XPR-1 mRNA in control or antisense-injected oocytes. Primers were: XPR-UTR1, 5Ј-CACTGACCTCGCCTAGAGACCGG-3Ј; and 14as, 5Ј-GAGACGATCCGTAATCCTGACCC-3Ј. A secondary, nested PCR was necessary to visualize the product; the primers used this reaction were: XPR-UTR2, 5Ј-GTAAGAAC-CCCCGACACTATGGAGG-3Ј, and 15as, 5Ј-AGACCTTTG-GCCACCTTCTTCCC-3Ј.
Luciferase Assay. Oocytes were injected with 1 ng of XPR-1 mRNA or left uninjected and incubated for 16 h. Then, 3 ng of luciferase reporter construct DNA (PRE2-tata-Luc; a gift from K. Horwitz, University of Colorado, which was derived from PRE2-tata-CAT; ref. 50) was then injected into the nucleus of each oocyte and cells were stimulated with 10 M progesterone. At the indicated times, groups of 10 injected oocytes were collected and lysed in 50 l of passive lysis buffer (Promega). Luciferase activity was measured by integrating total light emission over 10 s using a Turner Designs luminometer (TD-20͞20). All injections were normalized for injection efficiency by coinjecting 0.3 ng of pRL-TK, a TK-driven Renilla luciferase control plasmid (Promega) per oocyte.
Western Blotting. Samples were resolved on SDS polyacrylamide gels, transferred to poly(vinylidene difluoride) (PVDF) membranes (semidry blot; Hoefer), and blocked with 5% milk in Tris-buffered saline plus 0.1% Tween 20. The blot was incubated for 1 h with primary antibodies, and blotted with horseradish peroxidase-conjugated secondary antibodies for 1 h. The signal was detected by the enhanced chemiluminescence system (Amersham Pharmacia).
Results
Isolation of cDNA Encoding XPR-1. To isolate candidate PRs, we screened for cDNAs encoding proteins containing regions similar to the highly conserved progesterone binding domains of the human and chicken conventional PRs (see Materials and Methods). The longest cDNA clone obtained was 2,611 nt in length, including a 5Ј untranslated region (UTR) of 357 nt and a 3Ј UTR of 55 nt excluding the poly(A) tail (GenBank accession no. AF279335). The longest ORF, which starts at the first ATG after multiple inframe stop codons, encodes a polypeptide of 732 residues with a predicted molecular weight of 81,969. The C terminus of this protein, which we call XPR-1, shows extremely high sequence similarity with the DNA binding domain (DBD) and LBD of hPR ( Fig. 1 A and B) . The N-terminal sequences of PRs are considerably more diverse; sequence alignment of XPR-1 with the two human forms suggests that XPR-1 is slightly more similar to hPR-B, which contains additional N-terminal sequences not found on the shorter form, hPR-A (51, 52).
XPR-1 mRNA levels in oocytes were sufficiently low to be detectable only by RT-PCR (see below). Similarly, currently available antibodies generated against XPR-1 or human PR failed to reveal any reliably crossreacting bands, suggesting that XPR-1 protein levels may also be very low (data not shown). When XPR-1 was overexpressed by injecting XPR-1 mRNA into oocytes, XPR-1 protein was detected in nuclear, cytoplasmic, and cortical fractions (data not shown).
XPR-1 Is a Progesterone-Responsive Transcriptional Regulator.
To test whether XPR-1 can function as a progesterone-dependent transcription factor in oocytes, plasmid DNA containing a luciferase reporter gene under the control of two copies of the progesterone response element (PRE; 50) was injected into nuclei of oocytes expressing extra XPR-1 from preinjected mRNA. As shown in Fig. 2 , progesterone addition led to a large increase in luciferase activity. In contrast, no significant increase was seen in oocytes not supplied with extra XPR-1. These results indicate that XPR-1 can function as a bona fide progesteroneinducible transcription factor. The absence of detectable progesterone-stimulated luciferase transcription in oocytes lacking exogenously expressed XPR-1 could be because of the low levels of endogenous XPR-1 in these oocytes. It is also possible that most of the endogenous XPR-1 protein is restricted from functioning as a transcription factor for this particular reporter construct.
Injection of XPR-1 Makes Oocytes More Sensitive to Progesterone and
Accelerates Progesterone-Induced Oocyte Activation. Earlier work has suggested that the Xenopus oocyte progesterone receptor functions at or near the cell surface, predicting the existence of a nontranscriptional receptor. However, as outlined in the introduction, many steroids are now known to induce rapid, nontranscriptional responses in somatic cells, and two conventional steroid receptors, those for estrogen and progesterone, can also rapidly activate cytoplasmic signal transduction on transfection into somatic cells (42, 43) . Furthermore, increasing evidence supports the idea that a subset of conventional ER and PR proteins may be located near the cell surface in certain cells (45) (46) (47) . Thus, it seemed possible that XPR-1 could also function as the oocyte's signaling receptor.
To test this idea, we asked whether introducing extra XPR-1 into oocytes could enhance their response to progesterone. As shown in Fig. 3A , oocytes injected with XPR-1 mRNA were considerably more sensitive to progesterone. For example, when challenged with the subthreshold concentration of 150 nM progesterone, only 10% of control oocytes reached GVBD, whereas 90% of oocytes overexpressing XPR-1 went through GVBD. Furthermore, when exposed to a high dose of progesterone, oocytes containing additional XPR-1 reached GVBD significantly earlier than controls (Fig. 3B) . These effects were seen repeatedly with healthy oocytes from unprimed frogs during the peak of mating season, but were not obvious or consistent in gonadotropin-primed oocytes which, in our hands, mature faster than unprimed oocytes. These observations provided an initial indication that XPR-1 might function in the nontranscriptional signaling pathway that results in oocyte activation.
Antisense Ablation of XPR-1 Blocks Progesterone-Induced Oocyte
Activation. To ask whether XPR-1 is required for oocyte activation, we used antisense depletion experiments. Antisense oligonucleotides complementary to three different regions of XPR-1 mRNA each blocked synthesis of XPR-1 from coinjected mRNA (Fig. 4A Upper) . Injection of 20-30 ng of each antisense oligo almost completely depleted the XPR-1 mRNA, as judged by RT-PCR (Fig. 4A Lower) . When antisense-injected oocytes were treated with progesterone, 70-85% of the cells failed to undergo GVBD (Fig. 4B) . The small number of oocytes that did go through GVBD were much delayed. Injection of control oligonucleotides had no effect on GVBD (not shown). Subsequent injection of the PKA inhibitor PKI into antisense-treated oocytes induced GVBD in the absence of progesterone (Fig. 4C) , just as it does in untreated oocyte (26) , indicating that the failure of antisense-injected oocytes to undergo GVBD was not because of general toxicity of the antisense constructs. Most importantly, the ability of antisense-treated oocytes to respond to progesterone was restored by subsequent injection of XPR-1 mRNA (Fig.  4 D and E) . We analyzed the antisense-treated oocytes in more detail using A2 as an example. After injection with antisense oligo A2, progesterone failed to induce synthesis of mos protein, activation of MAP kinase (Fig. 4D, lane 2) , and GVBD (Fig. 4E,  F) . When XPR-1 expression was restored to antisense-treated cells and progesterone was added subsequently, these oocytes were again able to synthesize mos protein, to activate MAP kinase (Fig. 4D, lane 3) , and go through GVBD (Fig. 4E, OE) . The ability of XPR-1 to rescue antisense-treated oocytes was not affected by incubation in actinomycin D, indicating that XPR-1's effect was not through transcriptional activation of any positive regulators of GVBD (data not shown). Injection of human PR-B mRNA also rescued the ability of antisense-treated oocytes to synthesize mos, to activate MAP kinase (Fig. 4D, lane 4) , and to reach GVBD (Fig. 4E, f) , demonstrating that this wellcharacterized transcriptional receptor can also connect to the oocyte signaling pathway. These results establish that XPR-1 or a closely related protein, which is structurally and functionally similar to hPR-B and other conventional transcriptional progesterone receptors, is required for progesterone to activate the cytoplasmic signaling pathway that initiates oocyte maturation.
Discussion
This work establishes three points. First, XPR-1 is identified as a transcription factor: its sequences in the hormone-binding and DNA-binding domains are almost identical to those of wellcharacterized PRs that function as transcription factors, and its activity in vivo functionally identifies XPR-1 as a progesteroneresponsive transcription factor. Second, overexpression of XPR-1 makes oocytes more sensitive to progesterone and accelerates progesterone-induced oocyte activation. Third, antisense ablation of endogenous XPR-1 mRNA blocks the ability of progesterone to induce synthesis of mos, activation of MAP kinase, and entry into meiosis. Taken together, these results indicate that XPR-1 is required for progesterone-dependent oocyte activation, a process that can proceed even when transcription is blocked. These results are consistent with the idea that XPR-1 also functions as the receptor that activates the cytoplasmic signaling pathway that leads to translational activation of mos mRNA, mos-dependent activation of MAP kinase and MPF, and resumption of the meiotic cell cycle.
Numerous well-documented examples of rapid, nontranscriptional effects of steroid hormones have been described in somatic cells and, in some systems, steroids can induce these . 10 and 11) . In most cases, however, it is not known whether the steroid acts through a novel surface receptor or through the conventional receptor, some of which resides at or near the membrane. Given early experiments showing that polymer-bound progesterone can activate frog oocytes, whereas injected progesterone usually does not (except by leakage; see ref. 1), it has long been presumed that the receptor responsible for rapid signaling will be found at the cell surface. Currently available antibodies are not sensitive enough for us to determine the location of XPR-1 in oocytes by using Western blots or immunofluorescence. When oocytes containing overexpressed XPR-1 are fractionated into nuclear, cytoplasmic, and crude membrane preparations, XPR-1 is found in all three fractions; immunoprecipitation of metabolically labeled proteins gave similar results (J.T., unpublished observations). Although yeast two-hybrid screens using XPR-1 have identified some potentially significant binding partners (S.K., unpublished observations), we are unable to say at this time how progesterone-activated XPR-1 is coupled to any of the known elements of the downstream signaling pathway.
The ability of steroid hormones to induce both cytoplasmic signaling and transcriptional changes, and the demonstrated ability of certain conventional receptors to function in both pathways suggests that, at least in some cases, a single conventional receptor may coordinate cytoplasmic and nuclear responses. In somatic cells, the nuclear pathways have been investigated intensively, whereas the cytoplasmic pathways are not well understood at the molecular level. In oocytes, by contrast, the cytoplasmic pathway has received considerable attention, whereas the nuclear response to progesterone is only beginning to be appreciated in these cells. It is hoped that further work will yield useful insights into the molecular mechanisms by which XPR-1 functions in oocyte activation.
